This study presents a basin-scale approach to the analysis of receiving water body quality considering both point and non-point pollution sources. In particular, this paper describes an extensive data gathering campaign carried out in the Nocella catchment, which is an agricultural and semi-urbanised basin located in Sicily, Italy. Two sewer systems, two wastewater treatment plants and a river reach were monitored during both dry and wet weather periods. A mathematical model of the entire integrated system was also created. Specifically, a detailed modelling approach was developed by employing three well known models: Storm Water Management Model, GPS-X and Soil and Water Assessment Tool. The study proposed a comprehensive modelling approach to analyse the importance of diffuse and concentrated polluting sources on receiving water quality. The study demonstrated that point pollution loads can be more influential during wet periods by an order of magnitude compared with the dry weather period. In the long term, diffuse and point pollution sources were demonstrated to affect river quality and they have both to be considered. The use of the proposed integrated model-based approach may support water managers in decision making about which strategies should be preferred with the aim of water quality preservation.
INTRODUCTION
The inherent complexity of natural systems requires tools that can analyse the whole system in a simplified way without neglecting the most important physical phenomena.
Numerical modelling is one of these tools, even if there are many interconnected elements in the rural and urban areas of the river basin. New computational capabilities becoming available year after year support the development of new approaches that can analyse both the quality and quantity of water in an entire river basin, including elements such as: a sewer system (SS), waste-water treatment plant (WWTP), a rural catchment (RC) and a receiving water body (RWB). As reported by Devesa et al. () , the management of these units has been rarely considered in an integrated way where the relationships between the SS, WWTP, RWB and other ancillary infrastructures (i.e. storage tanks) are accounted for, rather these elements are typically considered as individual systems.
In the past decade, the need for an integrated approach has attracted an increasing amount of attention from local, national and European Authorities, who have established progressively more restrictive regulations. In particular, the European Union Water Framework Directive (EU WFD), established in 2000 (European Union ) defined the river basinasthereferenceterritorialmanagement unit.Thedirective calls for integrated catchment management to achieve 'good ecological status' for all natural water bodies in a specified time frame, a goal that involves the reduction of pollution loads by eliminating and/or treating non-point and point sources.
Modelling plays a central role in the analysis of catchment-sized water bodies as it can help to evaluate current water resources, identify pollution sources, evaluate alternative management policies, and dictate sustainable water allocation among various stakeholders. Many models have been developed to simulate water quality and quantity on both field and basin scales, and various studies have investigated the role of models in the implementation of waterrelated policies, such as the EU WFD (Dørge & Windolf ) .
Three main classes of integrated approach are typically applied to rural semi-urbanised basins (Candela et al. ) .
1. Urban-integrated models: designed for the evaluation of point pollution.
2. River basin-integrated models: designed for the assessment of non-point pollution.
3. Fully integrated modelling approaches: these provide a detailed representation of both point and non-point sources of pollution.
Previous studies have been primarily based on models that analyse point pollution sources and estimate nonpoint sources in a simplified way (urban-integrated models) or vice versa (river basin-integrated models). A large effort was carried out for developing urban-integrated models facing difficulties in interconnecting differently mod- Conversely, river basin-integrated models were developed separately mainly looking at nutrients and sediments from rural areas and analysing urban areas in a very simpli- The main issues associated with integrating efforts in a catchment include the following.
• The responsibilities for planning and managing SSs, WWTP and water bodies are split between different authorities in most European countries (Fronteau et al. ) .
• The models for the different sub-systems have been developed independently. Thus, different concepts, model approaches and different state variables have been used to describe processes in the different sub-systems, inhibiting efforts to link the models together (Rauch et al. ).
• The data requirements increase dramatically with the inclusion of more and more sub-systems. Usually, only key parameters are calibrated while default values are used for the other parameters. The uncertainties in these estimations are propagated through the integrated models since each downstream model uses the outputs of the upstream model as an input (Freni et al. , ) .
• The complexity of a given model introduces uncertainties in the modelling process that, sometimes, are not clearly identifiable and assessable (Mannina & Viviani ) .
• Such approaches are usually computationally demanding, often requiring the definition of specific ad hoc models able to improve such aspects (Fu et al. ) .
• System complexity take as a consequence difficulties in the definition of reliable parameters values; such a consideration took to the investigation of probabilistic models giving the advantages of not focusing on single deterministic values of the parameters and of providing probabilities associated to specific model responses (Benedetti et al. ) .
Fully integrated modelling approaches that consider both point and non-point sources in a detailed and satisfactory way have, as far as the authors know, been rarely applied as a result of the various challenges discussed above. Therefore, there is a lack of integrated modelling tools that consider all four sub-systems of a catchment (SS, WWTP, RC and RWB).
The aim of this study was to understand the impact of point and non-point polluting sources on RWB quality state, to investigate if integrated modelling approaches have to consider both polluting sources or if common simplifications proposed in literature can be applied.
In order to reach the aim of the study, a complex rural, semi-urbanised catchment was considered and an extensive monitoring programme was carried out to collect data from SSs, wastewater treatment plants and a river reach during both dry and wet weather periods. In this study a combination of detailed/commercial models ( Figure 1 ) were assembled and applied to the experimental case study in order to evaluate the reliability of such modelling tools and which had the most widespread availability and applicability. First, the SS was simulated by means of the Storm Water Management Model (SWMM) in order to simulate the quantity and quality of the water in the sewer networks.
The WWTP processes were simulated by means of GPS-X software. Both of the systems were analysed on a subhourly scale in order to provide a detailed analysis of the propagation of urban pollution to the receiver. Finally, the Soil and Water Assessment Tool (SWAT) was applied to analyse and quantify the pollution dynamics of the basin considering the distribution and transformation of the pollution delivered from the urban areas.
METHODS
As discussed above, the entire water system of the basin was modelled by using different models for each system component: for the SS, WWTP and RWB we used SWMM, GPS-X and SWAT, respectively. SWMM (5.018 version) was used to simulate the urban drainage network; this model allows the user to select different mathematical models to describe the runoff formation and propagation in SS (Huber ) . Also, different solvers for the resulting equations can be chosen according to the peculiarities of a given case study. A distributed 'non-linear reservoir' was adopted to simulate the surface runoff, taking into account the surface storage, as an initial hydrological loss, and the infiltration phenomena using the Horton equation. Rainfall- The models were applied sequentially from the most upstream (simulating SS) to the RWB, using the output of one model to feed the downstream one as input. Particular care was given to the conversion between different sets of variables concerning water quality because SWMM and SWAT simulates total COD concentrations while GPS-X requires different fractions of the total COD (soluble, settleable, easily biodegradable, etc.); these fractions were assessed on the basis of a default COD fraction in the WWTP model. The RWB sub-model was fed considering the total COD and BOD calculated as output from GPS-X (for the WWTP output) and SWMM (for the CSO output).
THE CASE STUDY AND THE MONITORING CAMPAIGN
The Nocella catchment, which has an area of 99 km 2 , is an agricultural and urbanised catchment located in the northwestern part of Sicily, Italy (Figure 2 ). It receives approximately 750 mm of precipitation annually and 27% of this annual total is discharged (the mean annual runoff is 200 mm). The study was focused on the northern sub-catchment of Nocella basin (shaded in Figure 2 ), which has an area of The digital elevation model (DEM) used for this study was characterised by 20 × 20 m cells (Figure 3(a) ). The area was assumed to be geologically homogeneous, the dominant rock type is limestone, which is covered with calcareous soils.
The lithological composition is mainly provided by calcareous formations (Figure 3(b) ). The climate is Mediterranean with hot, dry summers and a rainy winter season from
October to April. The hydrological response of this basin is dominated by long dry seasons followed by wet periods.
Also, there is a slow hydrological response because runoff is also present at the basin outlet during dry periods. Moreover, using remotely captured Landsat satellite images, the Table 1 gives detailed specifications of the WWTPs.
Rainfall was monitored by four rain gauges that were and, for the river sample, the dissolved oxygen.
The monitoring campaign started in December 2006
and is still in progress (Freni et al. b) . Rainfall and discharge monitoring has been carried out continuously, while water quality measurements have been taken during specific periods.
• Dry weather water sampling has been performed in five • Seven rainfall events were monitored between April 2007
and May 2008, as shown in Table 2 . For these events, 24
bottle samplers were automatically activated by the Montelepre rain gauge to start sampling immediately at the beginning of the rainfall event, with the exception of the sampler located at the basin closing cross-section, which was programmed to start sampling 20 min after the beginning of the rainfall event in order to take into account the natural catchment concentration time.
The water quality parameters that were monitored include the pH, electrical conductivity, BOD, COD, ammonia nitrogen, nitrite plus nitrate, nitrogen, suspended solids, total phosphorus and ortho-phosphate, which can be used to describe the physical, chemical and microbiological characteristics of the river water.
MODEL APPLICATION AND RESULT DISCUSSION
As discussed above, the SWMM and GPS-X models were used to define the point pollution sources of the urban drainage system, CSOs and WWTP outflows.
Assuming that the catchment geometry (area, average slope, catchment average width) and impervious area were known and not subjected to calibration, each sub-catchment was fully characterised by seven calibrated parameters. The water quality module was defined by four parameters for each type of land use, while the propagation through the sewer was fully defined by the pipe roughness, which could be defined for each pipe. SWMM is a distributed model and the parameters were calibrated in a lumped way by assuming that the parameters listed above were constant in each urban area. This simplification depends on the availability of a single measuring station for each urban area. Each urban area was characterised by seven hydrologic parameters, one hydraulic parameter for the drainage system and four parameters for the water quality (Table 3) . These parameters were initially subjected to sensitivity analysis, where the ranges of the parameters were determined using the literature (Huber ).
The model proved to be largely insensitive to infiltration parameters and such parameters were not calibrated in subsequent tests. The sensitive parameters were calibrated using the available data set and maximising the Nash-Sutcliffe criterion (Nash & Sutcliffe ). The water quantity modules were calibrated first and then fixed as the water quality modules were calibrated. No validation steps were performed due to the small available dataset. In all of the SWMM simulations, 1 min time steps were used for the runoff generation and water quality processes on the catchment surface, while the flow propagation in the SS was analysed with a time step of 5 s to account for the faster temporal variability of dynamic processes in a sewer during flood propagation. A good fit between the measured and simulated concentrations was obtained after modifying four of the 19 ASM1 parameters. Table 4 gives a list of the model coefficients that were adjusted during the calibration of the model.
More specifically, using the kinetic and stoichiometric parameters by GPS-X, the following parameters were modified: the maximum heterotrophic growth rate, μ H was increased from 3.2 to 6 day À1 , the heterotrophic decay rate was lowered from 0.6 to 0.3 day À1 and the heterotrophic yield was increased from 0.66 to 0.81. Such variations to August of year N þ 1.
The uncertainty in the model parameters, which were used in the subsequent calibration process, was assessed by performing a sensitivity analysis in order to reduce the number of parameters that influenced the model's predictions, the majority of the performance optimisation parameters were flow related. The sensitivity analysis was implemented for all of the 34 SWAT parameters that influenced the land and routing phase of the hydrological cycle. These parameters are identified in Table 5 In general, the growth and recession curves of the hydrographs were correctly reproduced by the model, confirming that the hydrological response of the catchment is mainly due to the subsurface flows. Furthermore, simulations of the peak discharges agreed with the timing of the events, but the magnitudes were underestimated. These magnitudes strongly depend on non-linearities in the soil surface caused by the long dry periods of low-yielding ephemeral catchments; also, after wet periods, even large inputs of rainfall may produce little or no response at the catchment outlet. In addition, the results suggest that the daily precipitation is not able to accurately predict runoff The Nash-Sutcliffe efficiency value could not be generated for the hydrological predictions because during the Table 6 , the mean annual outflow volume from the Nocella basin was equal to 9.10 Mm 3 in the analysed period.
As expected, a large part of the total volume for both of the hydrological years is generated by natural catchments, as opposed to urban areas. However, this is not always the case for the nutrient loads. In terms of total nitrogen and phosphorus polluting loads, the mean yearly polluting masses discharged by the RWB during the analysed period was equal to 92.2 for N and 1.5 for P. The contribution from urban areas was modest (17% for the N and 50% for the P) and, although it is smaller than the contribution from the natural catchment, it cannot be neglected when considering the pollution of the natural water body.
Large nutrient loads from urban areas, especially phosphorus, can result in simplified WWTP architectures without the presence of specifically oriented treatment processes. In terms of the nitrogen content, natural areas provide more than 85% of the total polluting load in the RWB. It is likely that the nitrogen load mainly depends on agricultural inputs due to the intensive cropping in the region. Moreover, the contributions from the different sources to the total load of the river depend on the inputs and on the ability of the basin to remove nitrogen during its transport from land to water.
CONCLUSION
An integrated river-basin scale modelling approach, including non-point sources and multiple urban areas, was evaluated. In particular, this paper explored the application of an integrated urban drainage model to a complex integrated catchment that is characterised by two urban areas and a natural catchment. Each urban area is served by com- The model's results can be summarised as follows.
• In this study the performance of the SWAT model was explored. The model was calibrated and then validated, obtaining satisfactory performance. The estimation of loads from non-point sources was difficult due to limited data availability. Thus, it was only possible to include constant non-point pollution concentrations. In spite of these limitations, the model gave a good prediction of the dynamic of flow generation and was able to predict the range of nutrient concentrations in the surface water.
• The obtained results emphasise the necessity of such an integrated model approach; the integration of the SWAT model with the SWMM and GPS-X models can greatly contribute to the improvement of flow simulations and, consequently, the prediction of nutrient and sediment losses on a catchment scale. • The contributions from urban areas to the polluting loads received by the RWB are important, especially in terms of the shock impact of intermittent urban drainage discharges of untreated sewage.
• This study demonstrates that point and non-point pollution sources have to be analysed contiguously, because they affect both the short-term RWB water quality (during or immediately after the rainfall event when the shock polluting impact off urban areas is relevant) and the long-term RWB water quality (the inter-event time when non-point sources still release pollution loads and urban areas contribute WWTP dry weather discharges).
The proposed model is a promising tool for the investigation of water quality problems and the interactions between different sub-systems on a river basin scale.
Indeed, the use of this integrated model-based approach may support water managers in decision-making about which are good control strategies in scenario analysis by allowing the simulation of different alternatives and choosing the one that better fits the manager's primary objectives.
The results provided in this study are naturally dependent on the specific case study and they should be confirmed by other applications; nevertheless, they provide a useful insight into pollution propagation in river basins.
